The construction industry is undergoing fundamental transformation due to economic, social, and environmental development. Highlights of emerging trends include the prevalence of green building practices and a wide adoption of new information technology (IT) such as building information modeling (BIM). The paradigm shift demands a higher level of competencies in sustainability and BIM, which generates a profound impact on college education in design and construction related fields. This study explores the effective use of collaborative project-based learning to enhance students' understanding of sustainability and BIM implementation in facilitating green building design.
Introduction
The construction industry is undergoing fundamental transformation due to economic, social, and environmental development. Consequently, construction engineering education is also facing unprecedented challenges from transformative industry trends such as green building and building information modeling (BIM). Enormous efforts have been made in college curricula for adaptation to the rapidly changing industry environment and cultivation of the next-generation workforce with desired competencies in sustainability and BIM. While most pedagogical innovations have addressed both topics, they are typically taught as separate subjects, providing that the synergistic convergence of sustainability and BIM has been embraced by both professional and educational communities [1, 2] . This study investigated an integrative strategy to formulate a joint course project with concurrent focus on sustainable design and BIM implementation using two upper division elective courses in an undergraduate construction management (CM) program.
This study was motivated by the dual pressure from program assessment requirements and regional industry needs. Recent American Council for Construction Education (ACCE) reaccreditation review of the CM program revealed severe weaknesses of students in graphical communication, construction modeling and visualization. Meanwhile, the Central Valley has seen a slow but steady rising trend in green building and adoption of BIM. Industry recruiters have clearly indicated strong market demands for new graduates with knowledge and skills in sustainability and BIM. It is a high priority of the program to sustain a nimble and practical curriculum that is responsive to industry trends and able to cultivate the desired talent for local employers. Hence, in this study the course redesign was purposely aligned with the program student learning outcomes (SLOs) and emerging industry needs. The goal was to develop student competencies with effective means and better prepare them for their future career roles in an interdisciplinary project-based industry.
Background
The synergistic convergence of sustainability and BIM has been embraced by both professional and educational communities. There is abundant documented literature suggesting the strong interests among industry players and research scholars in how BIM facilitates accomplishing more sustainable project outcomes. For instance, in the United States, the General Service Administration (GSA) is leading the efforts to leverage BIM for high performance buildings by establishing the national 3D-4D BIM program and publishing the BIM guide series [3] . The U.S. Department of Energy (DOE) and the office of energy efficiency and renewable energy (EERE) have also instituted efforts to utilize advanced modeling and simulation technology via broad stakeholder involvement for significant energy savings in capital projects. The building technologies program, the Commercial Building Initiative (CBI), and the commercial reference building models for national building stock are highlights among these efforts [4] . There is also a good diversity of scholarly research on BIM and green building design and construction. With LEED being a globally recognized green building rating system, BIM implementation in LEED design, credit analysis, and documentation have caught great attention in the research community. Quite a few researchers have addressed BIM/LEED synergies. For instance, Biswas et al. [5] and Wu and Issa [6] proposed system level integration of BIM and LEED; Barnes and Page 26.1043.3
Castro-Lacouture [7] and Bank et al. [8] demonstrated the possibilities of using BIM as a sustainable design decision-making tool, and relying on BIM-based information for certain LEED points calculation. In addition, O'Keeffe et al. [9] Azhar et al., [10] , and Wu and Issa [11] looked at how BIM could facilitate the LEED certification process with design analysis optimization, information management, documentation generation, and certification review.
From the pedagogy perspective, various models have been tested in curriculum redesign to enhance the integration of BIM and sustainability contents [12] . It has been revealed through these academic initiatives that transformative trends such as BIM and green building call for strong communication and teamwork skills, capacity to work efficiently within co-located teams and abilities to apply fundamental engineering, management and computer skills in real world scenarios [13] , yet traditional lecture-based pedagogical models are no longer efficient to delivery these goals. An intrinsic drawback of these models resides in the fact that students are treated as passive recipients with linear and fragmented teaching presentations, and deprived of the opportunities for learning the holistic nature and broad vision of the architecture, engineering and construction (AEC) disciplines [14] .
In contrast, project-based learning as a proven effective student-centered pedagogical approach [15] has been gaining popularity and holds the promise of cultivating the desired competency for future workforce with breadth and depth [16] . Project-based learning allows students to build knowledge [17] , develop critical thinking, creativity [18] and a number of soft skills (e.g. leadership and communication) [19] . Aside from student learning process, project-based learning also redefines and transforms the role of the instructor. Instead of being the point of authority and source of solution, the instructor in project-based learning works as a mentor and/or an expert consultant who helps students formulate their own strategies towards the accomplishment of project goals with open-ended, heuristic suggestions while avoid offering the "answer key". The underlying purpose is to instill metacognition and self-monitoring skills of students in facing, analyzing and resolving problems and complexities in realistic project scenarios [14] .
Research objectives and methodology
The proposed study aimed to investigate the use of project-based learning to cultivate essential knowledge and skills in BIM and sustainability through a collaborative joint course project. This effort was also aligned with program assessment objectives to enhance SLOs in the following areas: Due to the fact that BIM has been a new element of the curriculum, SLO 1 and SLO 4 were used as the tentative placeholders for assessment activities pertaining to BIM competencies. More Page 26.1043.4
comprehensive metrics will be developed as the CM program accumulates experience and student learning data in BIM. For this study, the assessment of knowledge, modeling skills and analysis abilities of using BIM in the sustainability domain were addressed by developing grading rubrics for specific project deliverables.
The joint course project was coordinated by instructors of two upper division electives enrolled majorly by senior students with a few juniors, including CM-132: Advanced Architectural Design and CM-177: Sustainable Construction, with assistance from the industry partner who is the general contractor of the selected campus laboratory project. The overarching joint course project goal set for students was to develop strategies, create designs, conduct analyses and prepare documentation in pursuit of LEED certification facilitated by BIM. Project teams were made of 4-5 students from the two classes, with assigned roles and responsibilities including:
• One (1) LEED Consultant: lead the LEED charrettes to develop alternative design strategies aiming at two LEED targets: LEED certified and one higher level LEED certification: silver, gold, or platinum (decided by the team); prepare LEED documentation.
• One (1) BIM Coordinator/Project Manager: establish the BIM execution plan with identified sustainability goals; coordinate team communication; manage team activities; • One (1) Design Professional: build the conceptual design model; conduct performance modeling based on the design strategies and performance criteria proposed by the LEED consultant.
• One (1) Owner's Representative: provide inputs to other team members from the owner's perspective (more focus on budget and time control) to support their work; assist in design review and project documentation.
• One (1) Project Engineer (optional): provide inputs to other team members from a project engineer's perspective (more focus on constructability) to support their work; assist in project documentation.
Except for the LEED consultants, other team members were encouraged to rotate roles during the process to enhance their learning experience. The overall assessment plan of this study emphasized on the learning progressions and periodical reflections, and included both formative and summative approaches. Considering the lack of previous exposure of students to similar topics, the instructors opted to leverage external educational resources provided by Autodesk, and incorporated the online Building Performance Analysis Certificate (BPAC) program as part of project personnel training requirements. The certificate program embraces broad but fundamental knowledge and skills in building physics, building systems, and information modeling applications that can jumpstart students' understanding of the synergies between sustainability and BIM.
As for LEED resources, students in CM-177 were provided with access to US Green Building Council (USGBC)'s interactive web-based LEED reference guide that offers step-by-step guidance on how to achieve and document each LEED credit for both the current and previous LEED rating systems. In addition, CM-177 students conducted case studies on two recently awarded LEED platinum projects on a nearby university campus after reviewing the complete final LEED submittals. They were expected to learn LEED strategies from the case studies and Page 26.1043.5 apply them to the joint course project as they saw fit. 
Project implementation
In fall 2014, the joint course project kicked off in late September and completed in December for a total duration of three and a half months. The project was scheduled in phases typically followed in real green BIM project delivery practices, as illustrated in Figure 1 . At each phase, there were specific tasks and deliverables to be completed by each team. Students were required to perform LEED strategy analysis via LEED design charrettes, determine the appropriate BIM execution plan, create the design and analysis models, conduct performance simulation, prepare reports on simulation results and LEED documentation, and eventually compile a final report/project manual summarizing all project activities and results. Collaboration is the key to optimal results. Teams were expected to meet weekly either face-toface or online to stay on track of their assigned responsibilities. To better facilitate documentation management and communication among team members, each team was required to create and maintain a Google site introducing each individual's roles and presenting weekly updates on their project deliverables. Complete project files were stored on Google drive or Dropbox with links shared on the Google site. In addition, there was a joint course Google site co-managed by the two course instructors. The site served as a hub to share project documentation (e.g. links to original building plans and models were provided), grading rubrics, as well as weekly assignments and/or announcements from both courses. All the team sites were linked to this central site and were only accessible to the instructors. Page 26.1043.6
A great benefit for those who participated in this joint course project was the exposure to a wide selection of technological tools for various project tasks such as model authoring, performance simulation, documentation management, team communication, to name a few. In order to simulate a real integrative project design process with BIM facilitation and sustainability goals, the tools were carefully selected based on specific project needs and the current industry trends. Table 2 summarizes the technology selection process. To facilitate the preparation of project deliverables by student teams, a specification on the project manual contents and formatting was provided (Figure 2 ). Students were required not only to produce the pertinent artefacts, but also document their reflections for each tasks performed, lessons learned and recommendations for future improvement. This enforced and deliberative reflection process was critical to help them digest and consolidate their learning. Examples of student works are presented in Figure 3 , which were taken from a poster session on the student project day exhibition.
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Assessment results and discussion
Through the joint course project, instructors collected the assessment data following the assessment plan specified in the preceding Table 1 . Each SLO was assessed through multiple measures. For each direct measure, instructors developed certain metrics and grading rubrics to assess relevant student assignments and activities. Relevant student assignments/activities included creating the schematic architectural and structural Revit model, performing massing-and building element-based energy simulations, conducting daylighting analysis, calculating water efficiency and recycled contents, and running design analysis reports, to name a few. Another direct measure, the Autodesk BPAC, provided a comprehensive assessment of students' fundamental knowledge in building physics and high performance design criteria through a series of well-designed, very relevant learning modules. It also evaluated essential problem-solving skills utilizing BIM applications to accomplish sustainable design goals. Figure 4 provides sample grading rubrics used for Team Presentation (a direct measure for SLOs 1, 3, and 4) and Team Final Report (a direct measure for all four SLOs). Instructors used both Entry and Exit surveys as indirect measures in this joint course project. Surveys, providing their subjectivity or even biases, remain as great means to understand students' attitudes and reflection on the project-based learning experience. The Entry Survey was relatively simplistic and aimed at a quick grasp of students' background. Therefore, the analysis was focused on the Exit Survey that was conducted online with institutional Qualtrics service. Out of 29 students from the two classes, 24 completed the survey. The survey had both quiz-like multiple-choice questions as well as open-ended discussions. The goal was to qualitatively evaluate students' perception towards BIM implementation in the sustainability domain, and their confidence in leveraging the knowledge and skills attained from this project to deal with common issues encountered in real world project delivery. A quick example is illustrated in Figure 6 , which indicates that the joint course project had a significant positive impact on students' understanding of fundamental concepts of BIM and green building. The Exit Survey also used Likert scales (1 to 5 where 5 denotes best performance) to evaluate team performance against several typical team effectiveness indicators, in comparison with a parallel selfPage 26.1043.10
evaluation. The results are presented in Table 3 . It is very consistent across all performance indicators that on average, students rated themselves higher than the rest of the team. The instructors also reflected on individual interviews with project teams through the joint course project, and found out that when conflicts arising, students often attributed the defaults to their peer team members instead of taking the responsibility and making efforts to improve the tem performance. It seemed that there was a lack of leadership among the students, which was concerning the instructors since it was essential to the students' professional career. The last part of the survey requested the students to identify both successes and failures of the joint course project, and offer constructive feedback on potential improvement. The most commonly cited success was the fact that they were able to complete the project on time with satisfactory quality, considering the majority of them had never used any BIM applications. They also acknowledged that project-based learning was able to uncover issues that were atypical in conventional lectures and enhanced their working knowledge of BIM in green building projects. The biggest failure as they consistently pointed out was the asynchronous class periods of the two courses, which as they claimed, was "the biggest inconvenience" that undermined their overall learning experience. The students also expressed frustration with constant technological cumbersomeness due to the outdated computers and persisting glitches of the Autodesk Energy Analysis plug-in.
The instructors agreed with students on the technological issues, but a major challenge perceived was the lack of self-motivation among students. They are seldom willing to get out of their Page 26.1043.11 comfort zone and learn something new. Significant efforts had to be made to keep the students motivated, yet there were constant complaints and negotiations taking place throughout the joint course project. Bringing external speakers from the industry and conducting field trips seemed to help promote the morale. In regard to technical difficulties, the instructors are considering new products such as the Autodesk Revit Credit Manager for LEED for future projects. As for the future scope of work on LEED documentation, due to time constraints, the instructors plan to have students focus on only selected LEED credits rather than completing a full LEED documentation for the project during one semester. Funding is also being sought after for hardware upgrades to create a workplace that facilitates real collaboration in project-based learning.
Conclusion
Construction and engineering education is facing dual challenges in meeting its academic goals as specified by accreditation and assessment requirements, as well as its professional mission of cultivating competent future workforce for the industry. This paper investigated an emerging trend of integrated BIM and sustainability practices, and aligned it with program assessment efforts in improving core SLOs. Using the project-based learning pedagogy, a joint course project was conducted to experiment innovative strategies to develop student competencies in synergistic implementation of BIM and sustainability. Assessment results indicated solid performance in targeted SLOs, but also revealed weakness that needed improvement. The lessons learned through the joint course project are valuable reference for future endeavors.
Results of this study are also expected to be shared with colleagues within the construction engineering education community at Fresno State through course Kaizen workshops.
